Abstract: MTA has been investigated as a root-end filling material. Its mechanism of action has some similarities to that of Ca(OH) 2 . The purpose of this study was to evaluate the repair process taking place in the delayed replantation of monkey teeth using calcium hydroxide and MTA as root canal filling materials. Five monkeys had their lateral incisors extracted and bench-dried for 60 minutes. After root canal preparation, the teeth were assigned to two groups according to root canal filling material: I, calcium hydroxide; and II, MTA. The same treatment sequence was followed for both groups: coronal seal, periodontal ligament removal, immersion of the tooth in 2% acidulated-phosphate sodium fluoride, irrigation of the socket with saline and replantation. Both groups exhibited replacement resorption, areas of ankylosis and absence of inflammatory root resorption. Statistically similar results (p > 0.05) were observed for both groups regarding replacement root resorption, but the groups differed significantly (p < 0.05) regarding the occurrence of ankylosis. MTA may be a viable clinical option for filling teeth submitted to delayed replantation, and is an acceptable option for treating replanted permanent teeth in order to prevent tooth resorption, particularly when dressing changes are not possible.
Introduction
Avulsion is one the most severe forms of dental trauma because the tooth is completely displaced from its alveolar socket, causing rupture of the neurovascular bundle and pulp tissue damage. Although the possibility of pulp revascularization after tooth replantation has been reported, 1 its occurrence in mature teeth is rare, and there is a direct relationship between pulp necrosis and inflammatory root resorption in replanted teeth. 1, 2 The literature has shown that the resorption process can be prevented or controlled with endodontic therapy based on the use of calcium hydroxide [Ca(OH) 2 ] as a temporary root canal filling material.
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The successful use of Ca(OH) 2 as an intracanal dressing in replanted teeth is based mainly on its antimicrobial and tissue repair properties. Mineral trioxide aggregate (MTA) has been investigated as a root-end filling material for use in endodontic surgery, for inducing apexification, as a pulp capping material after pulp exposure or pulpotomy, 4, 5 and as a root canal filling material. 6 It has been shown that the mechanisms of action of Ca(OH) 2 and MTA have some similarities. 7, 8 Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
It has been demonstrated that the long-term use of Ca(OH) 2 -based intracanal dressings weakens the dentin structure, reducing the tooth's resistance to fracture by 23%-43%. 9 On the other hand, changing MTA dressings is not necessary, which allows for restoring the tooth in the same session of dressing removal and reduces the possibility of fracture and coronal leakage. MTA also has some important properties for the repair of replanted teeth, such as biocompatibility, ability to induce cementogenesis 10, 11 and antimicrobial action.
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Considering the biological properties of MTA, the purpose of this study was to investigate the repair process taking place in the delayed replantation of monkey teeth using Ca(OH) 2 and MTA as root canal filling materials.
Methodology
Five adult male monkeys (Cebus apella) at approximately 7 years of age and in good health, from the Tufted Capuchin Monkey Procreation Center at the School of Dentistry of Araçatuba, Universidade Estadual Paulista -UNESP, Brazil, were used in this study. The research protocol was approved by the institution's Animal Care and Research Use Committee. All guidelines regarding the care of animal research subjects were strictly followed.
The animals received intramuscular injections of ketamine hydrochloride (Dopalen ® ; Agribrands do Brasil Ltda., Paulínea, Brazil; 15 mg/kg body weight) and benzodiazepine (Diazepan ® ; Sigma Pharma, São Bernardo do Campo, Brazil; 0.1 mL/kg body weight) to promote sedation and muscular relaxation, respectively, and were anesthetized with an intraperitoneal injection of sodium thiopental (Thionembutal ® ; Abbott Laboratórios do Brasil Ltda., São Paulo, Brazil; 30 mg/kg body weight).
The monkeys had their upper and lower right and left lateral incisors extracted (n = 20) and bench-dried for 60 minutes. Thereafter, the teeth were hand held and endodontic therapy was performed, involving access cavity preparation, pulpectomy and root canal instrumentation using the crown-down technique up to K-file #35 (Maillefer, Ballaigues, Switzerland). Throughout the preparation, the root canals were irrigated with 1% sodium hypochlorite (Aphoticário Farmácia de Manipulação, Araçatuba, Brazil) at each change of file. The instrumented canals were dried with absorbent paper points (Dentsply Ind. e Com. Ltda., Petrópolis, Brazil) and were randomly assigned to two groups: Group I, ten canals filled with a Ca(OH) 2 paste (5 mL of propylene glycol, 5 g of Ca(OH) 2 , 2 g of zinc oxide and 0.015 g of colophony); Group II, ten canals filled with MTA (Angelus ® , Londrina, Brazil). The materials were placed in the canal with a low-speed lentulo spiral #40 (Dentsply Ind. e Com. Ltda., Petrópolis, Brazil) and the access cavities were sealed with chemically cured glass ionomer cement (Vidrion R ® , SS White, Rio de Janeiro, Brazil). After completion of the endodontic treatment, the root surfaces were scraped with a #15 scalpel blade (Solidor ® , Lamedid Comercial e Serviços, Barueri, Brazil) to remove periodontal ligament (PDL) remnants. The teeth were immersed in 20 mL of 2% acidulatedphosphate sodium fluoride, pH 5.5 (Aphoticário Farmácia de Manipulação, Araçatuba, Brazil), for ten minutes, and then replanted after saline irrigation of the alveolar sockets. A splint made from 0.7 mm stainless steel orthodontic wire (Morelli, Sorocaba, Brazil) and composite resin (TPH ® Spectrum ™ Dentsply, Petrópolis, Brazil) was kept in place for 30 days. A diamond bur was then used to remove the steel wire and composite splint after this period of time.
During the course of the experiment, the animals received 0.4 mL of sodium cephalothin (Antibióticos do Brasil Ltda., Cosmópolis, Brazil), 0.2 mL of sodium diclofenac (Laboratório Delta, Carazinho, Brazil) and 0.2 mL of dipyrone (NeoQuímica, Anápolis, Brazil) intramuscularly. A penicillin V antibiotic (Pen Ve Oral ® 250 mg; Eurofarma, São Paulo, SP, Brazil; 3 drops/day) was administered for seven days.
Sixty days after replantation, the animals were anesthetized with sodium pentobarbital (30 mg/kg, i. p.) and perfused transcardially. The anatomic pieces containing the teeth were removed and fixed in 10% neutral buffered formalin, decalcified in a formic acid / sodium citrate solution and embedded in paraffin. The blocks were sectioned semi-serially and six-µm-thick longitudinal sections were obtained, stained with hematoxylin and eosin and examined under light microscopy by a skilled observer blinded to the treatment groups. Initially, the total area of root dentin was measured, and then the area of resorbed root dentin was estimated. Based on the values of total dentin area and total resorbed dentin area, the rule of three was used to ascertain the percentage of the root that was compromised by root resorption. The mean values for the groups were calculated and submitted to statistical analysis.
Ankylosis was measured based on root perimeter. Initially, the total perimeter of the root was measured and then the perimeter where bone tissue was juxtaposed to cementum was measured. The percentage of ankylosed root was calculated in the same way as was the percentage of root resorption.
Digital images were obtained and compared to histological sections under the microscope to identify and select the resorption areas.
The data was statistically analyzed by the MannWhitney t-test. The significance level was set at 5%.
Results

Group I -Ca(OH) 2
In all the specimens, epithelial reattachment occurred at the cementoenamel junction (CEJ), and the subjacent connective tissue showed few fibroblasts and absence of inflammatory cells.
In some areas, the PDL space was filled by connective tissue with fibers arranged parallel to the root surface, and there were no inflammatory cells ( Figure 1A) . In other areas, throughout the three root thirds, the PDL space was filled with newly formed bone tissue ( Figure 1B) . Areas in which the bone tissue was in intimate contact with the cementum were also observed, characterizing the occurrence of ankylosis ( Figure 1C) . In all specimens, the cementum and dentin exhibited areas of resorption that were filled by newly formed bone tissue.
Only one specimen exhibited a chronic inflammatory infiltrate in the region of the apical foramen in contact with the filling material. The alveolar bone wall showed some areas of new bone formation that caused narrowing of the PDL space. In some areas, the newly formed bone filled the PDL space completely.
Group II -MTA
In all specimens, epithelial reattachment occurred at the CEJ and no inflammatory cells were found in the subjacent connective tissue. In some areas, the PDL space was narrowed and filled by connective tissue with the presence of fibers parallel to the root surface and free of inflammatory cells ( Figure 1D) . In other areas, the PDL space was completely filled by newly formed bone tissue.
Cementum and dentin presented areas of resorption throughout the three root canal thirds in all specimens. In some areas, the cementum was in contact with the bone tissue, characterizing the occurrence of ankylosis. In several areas, root dentin was replaced by bone tissue ( Figure 1E ).
Two specimens of this group presented a biological seal of the apical foramen with the presence of newly formed cementum ( Figure 1F ). The alveolar wall presented areas with newly formed bone invading the PDL space.
Statistical Analysis
Statistically similar results (p = 0.222) were found for both groups regarding replacement root resorption, but the groups differed significantly (p = 0.004) regarding the occurrence of ankylosis (Table 1) . 
Discussion
The present study was performed according to the treatment protocol established by the International Association of Dental Trauma 13 for avulsed teeth with delayed replantation. Endodontic therapy, which is the scope of this study, is an important step of the replantation clinical protocol as a means of preventing and/or treating inflammatory root resorption, which is caused mainly by pulp necrosis associated with PDL damage and contamination. 1, 14 The mechanism of action of Ca(OH) 2 is well known and has been described in vitro 15 and in vivo. 16 The velocity of ionic dissociation of Ca(OH) 2 may be related to the vehicle used for preparation of the paste. Because hydrosoluble vehicles permit rapid dissociation, 3 they should be preferred in cases of dental trauma. For this reason, propylene glycol was the vehicle used in the present study for preparation of the Ca(OH) 2 paste.
The high pH of Ca(OH) 2 promotes an alkaline environment that is incompatible with survival of bacteria in root canals. It also promotes the action of resorption cells, which may favor PDL repair after elimination of pathogenic agents.
3 Another important property of Ca(OH) 2 is that, in addition to eliminating microorganisms, it causes degradation of bacterial toxins capable of maintaining a toxic effect.
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The results of the present study confirm the excellent properties of Ca(OH) 2 , since no inflammatory root resorption was observed in the teeth filled with this material. An interesting finding was a higher incidence of ankylosis in the Ca(OH) 2 -treated group compared to the MTA-treated group (p = 0.004). This may be attributed to the faster and continuous alkalinization of dentin substrate produced by the Ca(OH) 2 paste, which temporarily inhibits the action of clastic cells. 3, 18 However, the progression of dentoalveolar ankylosis into replacement root resorption occurs as a natural consequence of the typical phenomena involved in bone biopathology. 19 The velocity of this progression and the velocity of replacement resorption may vary depending on the persistence and frequency of the inductor stimulus, in addition to probable associations with concomitant inflammatory processes resulting from the traumatic injury itself or infections of endodontic or periodontal origins. 1, 14, 19 Previous studies that evaluated the response of periapical tissues to MTA have found a small number of inflammatory cells and the formation of a fibrous capsule in teeth treated with MTA. 6 Another frequent finding is the presence of newly formed cementum on the material surface. 6, 10, 11 The findings of studies with gingival fibroblasts regarding the ability of MTA to induce periodontal regeneration, new cementum formation and pulp repair have suggested that this material is capable of stimulating the production of transformation growth factor (TGF), which plays a key role in regulating cell response, including cell growth and differentiation.
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In the present study, two specimens of the MTA group presented newly formed cementum in contact with the filling material, promoting a biological seal of the main apical foramen. This result confirms the hypothesis raised by authors of previous studies 10, 11 because, in the present study, the root-adhered PDL remnants were removed prior to tooth replantation.
When endodontic therapy is started 7 days after replantation, in cases of immediate replantation, or is performed with the tooth out of the socket, in cases of delayed replantation, the Ca(OH) 2 intracanal dressing should be left in place for 1 month and then the definitive filling can be performed. 13 However, when endodontic therapy is initiated after inflammatory root resorption had started, leaving the Ca(OH) 2 intracanal dressing in place for a longer period of time is recommended until the resorption process ceases.
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In spite of its excellent biological properties, Ca(OH) 2 has some disadvantages, such as a longer treatment time, the need to change the intracanal dressing and the weakening of the dental structure when left in place for prolonged periods.
3 This weakening of the dental structure may be accounted for by the high alkalinity of this material, which may neutralize, dissolve or denature components of the dentin organic matrix, such as acid proteins and proteoglycans, which contain phosphate and carboxylic groups that act as binding agents between the hydroxyapatite crystals and the collagen fibers. When a long-term intracanal dressing is needed, MTA may have advantages over Ca(OH) 2 , e.g., treatment duration is shortened and the tooth can be restored in the same session, reducing the possibility of fracture References and coronal leakage. Moreover, MTA does not affect the mechanical properties of dentin 9, 20 and presents good biocompatibility. 3, 6, 10, 11 When extensive PDL damage or necrosis occurs, the development of ankylosis and replacement root resorption is expected. 19 In these cases, new alveolar bone is formed and deposited in the space previously occupied by the PDL fibers that were lost, and the root is progressively resorbed and replaced by bone tissue. 19 It is thus important to use biocompatible root canal filling materials because this expected root resorption process will expose them to the periodontal tissues.
Marão et al. 21 observed that the MTA that remains within the tissues after the occurrence of replacement root resorption following delayed replantation caused a less pronounced inflammatory reaction and a higher rate of bone formation compared to Ca(OH) 2. The biocompatibility of MTA used in direct contact with cell cultures has been demonstrated. In vitro studies have reported that MTA had no adverse effect on cell growth and did not cause cell death. 10, 11 Laboratory study findings may explain the successful use of MTA in several in vivo investigations, confirming the biocompatibility and clinical applicability of this product. 4, 6, 7, 21, 22 Despite the excellent biological properties of MTA, its use as a filling material may have some disadvantages that should be considered. The physical properties of MTA render handling difficult, and can even make it impossible to remove the material if endodontic retreatment is needed. 6, 23 Tooth crown discoloration, attributed to a possible chemical reaction, may occur even with use of white MTA, 24 and the higher cost of MTA compared with Ca(OH) 2 is another factor to be considered.
Conclusion
In conclusion, MTA was similar to calcium hydroxide in the prevention of root resorption, and its use resulted in a smaller area of ankylosis.
